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Abstract In this papermwe describeanimportantuseof predictive applicationperformance
modeling- the validation of measuredperformanceduring a new large-scale
systeminstallation. Using a previously-developedand validatedperformance
modelfor SAGE, a multidimensional 3D, multi-materialhydrodynamicscode
with adaptve meshrefinementyewereableto helpguidethestabilizationof the
Los AlamosASCI Q supercomputefThis systemwasinstalledin severalstages
andhasa peakprocessingateof 20-Teraflops.We review thesalientfeaturesof
an analyticalmodelfor SAGE thathasbeenappliedto predictits performance
on a large classof Tera-scalearallel systems. We describethe methodology
appliedduring systeminstallationand upgradedo establisha baselinefor the
achievable“real” performancef the system.We alsoshav theeffecton overall
applicationperformanceof certainkey subsystemsuchasPCI bus speedand
processospeed We shaow thatutilization of predictive performancenodelscan
be apowerful systemdeluggingtool.

Keywords:  PerformanceModeling; TerascaleSystemsPerformancé/alidation; High Per
formanceComputing.



1. I ntroduction

Performancenodelingis akey approactihatcanprovide informationonthe
expectedperformancef aworkloadgivenacertainarchitecturatonfiguration.
It is usefulthroughouta system’slifecycle: startingwith a designwhenno
hardware is available for measurementin procurementfor the comparison
of systemsthroughto implementatiory installation,aswell asbeingableto
examinethe effectsof updatinga systemovertime.

We have previously reportedthedevelopmentandvalidationof ananalytical
modelthatcapturegheperformancendscalingcharacteristicef animportant
ASCI (AcceleratedStratggic Computinglnitiative) application[5]. We have
alsodescribedneinterestinguseof themodelto predictthe effect on runtime
of a key algorithmic changeto the applicationenablinga different parallel
decompositiormethod.

In this paperwe report anotherinterestinguse of this samemodel. Los
AlamosNationalLaboratory(LANL) hasrecentlyinstalleda Tera-scalecom-
puting systemcalled ASCI Q that comprises2048 computeseners with an
interconnecfabric composedf federatedswitches. ASCI Q hasa peakper
formanceof 20-Teraflops.Theinstallationof asystenwith suchalargenumber
of componentss subjectto avariety of bothhardware-andsoftware-relateds-
sueghateffectively resultin a“stabilizationperiod” duringwhichthesystem’s
performancemay be sub-par The questionis: how doesoneidentify sub-
par performancen a large-scaleparallel system,especiallyonethatis larger
thanary previously availablefor testing. Performancebsenationsmadeon a
newly-installed systemdo not necessarilyepresenjust the costof processing
the workload but often include temporaryidiosyncrasieof the hardware and
systemsoftware,i.e., bugs,faulty or poorly configuredhardware components,
andsoon.

We reporthereour experiencesusing a performancemodelto validatethe
measurecperformanceduring systemintegration of ASCI Q. Several setsof
measurementsf the applicationperformanceveremadeon the systemduring
installationover a periodof months. Only after several iterationsof hardware
refinementsand software fixesdid the performanceof the systemachiese the
performancepredictedby the model. The model did not necessarilyreveal
preciselywhathardwareand/orsoftwarerefinementsvereneededhowever, it
wasultimatelythe only wayto determinethatno suchfurtherrefinementsvere
necessaryDuring this procesghe modelandcorrespondingystemmeasure-
mentsexposedsereral importantperformancecharacteristicassociatedvith
thesystemsuchastheeffectof PClbusspeedandtheeffectof processospeed
on the overall applicationperformance. This work builds on earlier analysis
duringtheinitial stagef theinstallationof ASCI Q [8].
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2. Per formance M odeling

Performancenodelingis animportanttool thatcanbeusedoy aperformance
analysistto provide insightinto the achievable performanceof a systemon a
givenworkload. It canbe usedthroughoutthe life-cycle of a system,or of an
application,from first designthroughto maintenanceFor example:

Design: performancamodelingcanbe usedto quantify the benefitsbetween
alternatves when architecturaldetailsare being definedand henceex-
aminetrade-ofs thatarise.

Implementationwhenasmallsystembecomeswvailable,perhapsn theform
of aprototype modelingcanbeusedto provide anexpectedoerformance
for systemof largersize.

Procurementperformancemodelingcanbe usedto comparecompetingsys-
temsby a purchaserMeasuringapplicationperformances typically not
possibleonthe systemseingproposediueto eitherthe scaleof thesys-
temrequiredbeinglarger thanarything available, or dueto the system
usingnext generatiorcomponentsvhich arenotyet available.

Installation: performancemodelingcanprovide anexpectationof whatlevel
of performanceshouldbe achieved and henceverify that the systemis
correctlyinstalledand configured. As we shaw in this work, this is an
importantaspectwhich to dateis notroutinely considered.

Upgradeor Maintenance:performancanodelingcanquantify the impacton
possibleupgradesrior to the changedeingimplemented.

Although the exampleslisted above are consideredn termsof a system,
mostareequallyapplicableto applicationcodes.For instancefrom a software
perspeciie in the early developmentof anapplicationit maybe appropriateo
comparealternatve designstratgiesandto understandheirimpacton perfor
mancein advanceof implementation.

A performancenodelshouldalsomirror thedevelopmentof theapplication
and/orsystem.As detailsarerefinedthroughimplemeratons, theperformance
modelshouldalsobe refined. In this way, performancenodelscanbe used
throughouthelife-cycle. At Los Alamoswe have usedperformancenodelsin
mary of theseways: in the early designof systemsgduringthe procuremenof
ASCI purple (expectedto be a 100-Tflopsystemto beinstalledin 2004/5),to
explore possibleoptimizationsin codeprior to implementatior{5], to consider
the impacton possibleimprovementsin sub-systenperformancg6], andto
compardarge-scalsydemg(e.g. theEarthSimulatorcomparedo ASCIQ[7]).

In generaltherearetwo maincomponentshatcontritute to a performance
model:



4

SystenCharacteristicsThisincludescompuiationd agpeds(processorclocks,
functionalunitsetc.),thememoryhierarchy(cacheconfigurationmem-
ory busspeed<=tc.),nodeconfiguration(processorpernode,sharede-
sourcestc.),interprocessocommunicatior(lateng, bandwidth topol-
ogy),andl/O capabilities.

WorkloadCharacteristics Thisincludestheapplicationmix, their processing
flow, their datastructurestheir useof andmappingto systenresources,
their frequeng or use,andtheir potentialfor resourcecontentionetc.

For modularity and modelre-use,the characteristicof the systemshould
ideally be describedand valuesobtained,independentlyof any application.
Similarly the descriptionof the characteristic®f ary workload shouldbe de-
scribedindependentlyof specificsystems.Thus,oncea modelfor particular
systemhasbeendeveloped,it canbe usedto examineperformanceon a mul-
titude of applications. Similarly, applicationperformancecan be compared
acrosssystemswithout ary alterationto the applicationmodel. This modular
approachof hardwareandsoftwaremodelseparatiorhasbeentakenin anum-
berof modelingactvities includethe PACE system[11] for high performance
computing,andalsoINDY [12] for E-commercéasedapplications.

Many of the performancemodelingapproachesgurrently being developed
canbe classifiedinto two categories: thosethat usea traceof the application
(collectedfrom an applicationrun), andthosethat generatea tracethe appli-
cationactiities duringits execution. We termthesetwo approachesasre-play
andpre-play respectiely.

Replay approachegake an applicationtrace as their input and effectively
replaythetracewithin amodelngervironmert whichcombnesthetrace-
eventswith the characteristic®f the system(speingstudied. Sincethe
traceinput is usually specificto a certain problemsize and processor
count, replay approachesannotbe usedto fully explore the impactof
scalability Replayapproachednclude Dimemas[3], the TraceModel
Evaluator at Los Alamos, and also the approachtaken at San Diego
Supercomputin@enter1].

Pre-playapproachegseanabsractrepreseantation of theapplication andeffec-
tively generatetraceof eventsthatshouldoccurduringthe application
execution. Theseeventsareagaincombinedwith the characteristicof
the systemwithin the modelingernvironment. Pre-playapproachesend
to encapsulat¢éhe scalingbehaior of theapplicationswith their models
parameterizeth thesamewayastheapplication. Thusallowing ahigher
degreeof performancescenariogo be studied. Pre-playapproache-
cludePACE[11] andINDY [12].
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Theapproactwetakeisapplication centric andfitsintothepre-play category.
It involves the understandinghe processinglow in the application,the key
datastructureshow they useandare mappedto the available resourcesand
alsoits scalingbehaior. An analyticalperformancanodelof the application
is constructedrom this understanding.The aim is to keepthe model of the
applicatiorasgeneraaspaossble but paraneteizedin termsof theapplication’s
key characteristics.

Ourview is thata modelshouldprovide insightinto the performanceof the
applicationon available aswell asfuture systemswith reasonableaccurag.
Hardwarecharacteristicshouldnot be partof theapplicationmodelbut rather
be specifiedasa separateomponentFor instancea modelfor inter-processor
communicatiormaybeparameterizeth termsof themessagsize. Theactual
modelmay take the form of a simplelinear analyticalexpressionin termsof
latengy andbandwidth,or bemorecomple<. Hardwarecharacteristicenayuse
measurementhadeby micro-benchmarkspr specifiedoy othermeans.

An applicationperformancenodel needsto be validatedagainstmeasure-
mentsmadeon oneor moresystemdor several configurationgor datasets).
Onceamodelhasbeenvalidatedit canbe usedto explore performanceandto
provide insightinto new performancecenariosAn overview of aperformance
modelfor SAGE andits validationresultsaregivenin Section4.

3. The Alpha-Server ESA5 Super computing System

ASCI Q consistsof 2048 AlphaSerer ES45nodes. Eachnode contains
four 1.25-GHzAlpha EV68 processoriternally connectedusingtwo 4-GB/s
memorybuseso 16 GB of mainmemory Eachprocessohasan8-MB unified
level-2 cache,anda 64-KB L1 datacache. The Alpha processohasa peak
performanceof 2 floating point operationgpercycle. Thusthe Q machinehas
apeakperformanceof 20-Tflop.

Nodesareinterconnectedisingthe QuadricsQsNethigh-performancenet-
work. This network boastshigh-performancecommunicationwith a typical
MPI lateny of 5us anda peakthroughputof 340-MB/sin onedirection (de-
tailed measuregerformancedataare discussedn Section5). The Quadrics
network containswo components the Elannetwork interfacecard(NIC), and
the Elite switch. The Elan/Elitecomponentsreusedto constructaquaternary
fat-treetopology - anexampleis shavn in Figurel. A quaternaryfat-treeof
dimensionn is composedf 4* processingnodesandn.4”~! switchesinter-
connectedasa deltanetwork. EachElite switch containsaninternal 16x8full
crossbarA detaileddescriptionof the Quadricsnetwork canbefoundin [14].

In orderto implementa fat-treenetwork a single NIC is usedper nodein
additionto a numberof Elite switch boxes. The Elite switchesare packaged



Figurel. Network topologyfor adimension3 quaternanfat-treenetwork with 64 nodes.

— Y Y Y Y Y Y Y Y Y Y Y Y ) Y

64 64 64 64 64 64 64 64 64 64 64 64 64 64 64 64

Figure2. Interconnectiorof afederatedQuadricsnetwork for adimensions fat-tree.

in 128-way boxeswhich by themselesimplementa dimension3 fat-tree. A
1024-nodesystemasshown in Figure2, requirestwo rows of 16 switchboxes.

Usingmultiple independenhetworks, alsoknown as“rails” is anemeging
techniqueo overcomebandwidthimitationsandto enhancdaulttolerancg?2].
TheQ machinecontaingworails,i.e. two Elancardsonseparat®Clinterfaces
pernode,andtwo completesetsof Elite switches.

4, The Application and the M odel

Theapplicatiorusedo andyzetheperformarceof ASCIQis SAGE(SAIC's
Adaptive Grid Eulerianhydrocode).It isamultidimensional1D, 2D, and3D),
multimaterial, Eulerian hydrodynamicscode with adaptve meshrefinement
(AMR) consistingof 100,000+lines of Fortran90 codeusing MPI for inter-
processocommunicationslt comesfrom the LANL Crestoneoroject,whose
goalis theinvestigationof continuousadaptve Euleriantechniqueso stockpile
stevardshipproblems. SAGE hasalsobeenappliedto a variety of problems
in mary areasof scienceandengineeringncluding: watershock,enegy cou-
pling, crateringandgroundshock,stemmingandcontainmentearlytime front
enddesign explosiely generateair blast,andhydrodynamidnstability prob-
lems[16]. SAGE represents large classof productionASCI applicationsat
Los Alamosthatroutinely run on 1,000’sof processor$or monthsatatime.

A detaileddescriptionof SAGE, theadaptve meshprocessingandthechar
acteristicsof its parallelscalingweredescribedreviously in which we devel-
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opedandvalidatedthe performancenodel[5]. Tablel givesasummaryof the

validation resultsin termsof averageand maximumpredictionerrorsacross
all processoronfigurationaneasuredlt canbe seenthatthe modelis highly

accuratewith an averagepredictionerror of 5% and maximumof 11% being

typical acrossall machines.

Tablel. SAGE performanceanodelvalidationresults.

System Configurations Processortested Error Error
tested (maximum) (maximum) (average)
ASCI Blue (SGIO2K) 13 5040 12.6 4.4
ASCI Red(Intel Tflops) 13 3072 105 5.4
ASCI White (IBM SP3) 19 4096 11.1 5.1
CompadAlphaSerer ES40 10 464 11.6 4.7
CrayT3E 17 1450 11.9 4.1

5. Use of the SAGE model to validate system performance

Themodelis parametrién termsof certan basc system-relatedfeaturessuch
asthesequentiaprocessingime andthecommunicatiometwork performance;
thesehadto be obtainedvia measurementsn a smallsystemandarelistedin
Table2 andTable 3 respectiely. The SAGE modelis basedon weakscaling
in which the global problem size grows proportionally with the numberof
processors.The subgridsize remainsconstantat approximatelyl3,500cells
persubgrid.

Table2. MeasuredeS45Performancd®arametergor the SAGE Model.

Parameter 1-GHz Alpha EV68 1.25-GHzAIpha EV68
Toomp(E)(8) 0.38 0.26

1.8 P=2 1.7 P=2
Trnem (P)(ps) { 48 P>2 { 33 P>2

Themodelis basenastaticanalysisof thecodeandincludesasummation
of the time to processa single cell (multiplied by the numberof cells per
processorpndthe communicatiorof boundarydatabetweenprocessorsThe
amountof overlap betweenmessagingand computationis negligible. The
modelis parameterizedn termsof dynamicaspectf the code- i.e. those
featureswhich are not known througha static analysis. Theseinclude: the



Table3. MeasuredCommunicatiorPerformancéarametersor the SAGE Model.

Parameter 33-MHz PClbus 66-MHz PClbus
9.0 S < 64bytes 6.11 S < 64bytes
L (S)(us) { 9.70 64 < S5<512 { 6.44 64 <S5 <512
174 S > 512 13.8 S > 512
0.0 S < 64bytes 0.0 S < 64bytes
1/B.(S)(ns) { 17.8 64 < S <512 { 12.2 64 <S5 <512
12.8 S > 512 8.30 S >512

numberof cells,thenumberof newly adaptedells,andalsoary load-balancing
acrosgrocessorsThesehistories” needio beknown onacycle by cycle basis
if themodelpredictionis to beaccurate.

The installation processrequiredthat the model predict performancefor
the first phaseof ASCI Q with 2 different PCI bus speedqinitially 33-MHz
and later 66-MHz). The PCI bus speeddetermineghe available bandwidth
betweerthe QuadricsNIC andprocessomemoryandhasa significantimpact
on performance.In addition,whentwo NICs are presentwithin the node(in
a 2-rail system) the asymptoticbandwidthincreasedy approximatelyl80%
if simultaneousnessagesantake advantageof the two rails [14]. Individual
messagearenot stripedacrosgails.

Laterin theinstallationprocessthe Alpha processorsvereupgradedrom a
clockspeedf 1-GHzto 1.25-GHz.Thefastemprocessoralsohadanincreased
L2 cachecapacityof 16MB in comparisonto the 8MB cacheof the slowver
processorsThusduringtheinstallaion therewereactualy three configurations
of processorandPCl bus speedsinitially a 1-GHz processowwith a 33-MHz
bus,a 1-GHzprocessowith a 66-MHz bus,andfinally a 1.25-GHzprocessor
with a 66-MHz bus.

51 Expected Perfor mance

The performancemodelwas usedto provide the expectedperformanceof
SAGE on the ES45systemwith a 33-MHz and 66-MHz PCI bus and a 1-
GHz and1.25-GHzAlpha EV68 processors.Thesepredictionsare shavn in
Figure3.

We notethe following obsenations: 1) sincethe runsof SAGE were per
formedfor weakscaling thetimeshoulddeallybecongan acossall processor
configurations?) themodelpredictsthatthetwo-fold improvementin PClbus
speedresultsin only a 20% performancemprovementin the codeoverall; 3)
the 25% improvementin processoclock speedresultsin a 22% performance
improvementoverall; 4) the SAGE cycletimeis predictedto plateauabove 512
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Figure3. Performanceredictionsof SAGE on anES45systemwith QsNet.

processors- this is the point at which all gather/scattecommunicationsare
out-of-node.

52 M easur ed Perfor mance

Table3 summarizeshetestconditionson eachtestdateandtherefinements
madefrom onetestto another Therearethreedistinctphase®f theinstallation
representing:initial hardware of 1-GHz processorwith a 33-MHz PCI bus
(testedbetweerSeptandOct’01), 1-GHzprocessorsvith a66-MHzbus(tested
betweenlanandApril '02), andthefinal hardwareof 1.25-GHzprocessorgvith
a66-MHz bus (testedbetweenSept'02 andMay '03).

The performanceof SAGE wasmeasuredit several pointsafter the instal-
lation of the initial hardware hadtaken place: assoonasthe machinewasup
andrunning(Sept.9th), aftera O/Supgradeandfaulty hardwarewasreplaced
(Sept.24th),andafteran O/Spatch(Oct. 24th). The upgradeghatweremost
significantin termsof performancancludedbug fixesto the QuadricsRMS
resourceschedulingsoftware and O/S patchesthat affectedthe priority of a
procesghat determinedhe allocationof the two rails. Interestingly this af-
fectedboth1-and2-rail performanceThesehreesetsof measurementsyhich
arebasednthe1l-GHzprocessorsvith a33-MHz PClbus,arecomparedvith
themodelin Figure4
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Table4. Summaryof TestConditions.

Date #nodes  Performancéssues
in system
9-Sept-01 128 Somefaulty nodesandcommunicatiorinks resultedn poor
communicatiorperformancegspeciallyon 2 rails
24-Sept-01 128 Faulty hardwarereplacedstill poor 2-rail performance
24-Oct-01 128 2-Rail OS patchimproved QuadricsPerformance
04-Jan-02 512 PClbusupgradedo 66 MHz; SAGE performancet pre-Oct-24
(notall nodessuccessfullyranat66 MHz)
02-Feb-02 512 All nodesat 66 MHz but someconfiguredout causinglower
performancen collectve communications
20-April-02 512 All nodesconfiguredin, collectivesimproved

21-Sept-02 1024 Processorsipgradedo 1.25-GHz.1stPhaseof ASCI Q.
Performancéower thanexpectedon processocountsabose 512

25-Nov-02 1024 2ndphaseof ASCI Q, performanceonsistentvith 1stphase

27-Jan-03 1024 Impactof operatingsystemeventsreducedperformance
significantlyimproved

1-May-03 2048 Firsttestof full-system

Thecorrespondingnodelpredictionandmeasurementsasednthe 1-GHz
processorsafter the PCI bus was upgradedto 66-MHz are shovn in Figure
5. Initially (Jan4th), not all nodesran at 66-MHz. By Feb 2nd this had
beenresolhed; however, notall nodeswereavailablefor testing. The Quadrics
QsNetrequirescontiguousnodesin orderto useits hardware-baseaollective
operations.Whennodesare configuredout thena software componenin the
collectivesis requiredwhich reducesoverall performance.By April 20th all
nodeswereconfiguredn andSAGE achieredtheperformanceredictedoy the
modelfor all configurationsexceptfor thelargestcountof 512 nodes.

Theperformancef the systemwasagainmeasureafterupgradingthe pro-
cessordo 1.25-GHz,andthe systemincreasingin size,first to separatéwo
sggmentsof 1024nodeseachandthento a combined2048nodesystem.The
first measurementmadeon eachof the two segments(Sept. 21st,and Nov.
25th) resultedin performancehighly consistentwith eachother However, a
major performancessuewasidentifiedconcerningheimpactof the operating
systemwithin eachclusterof 32 nodes. This resultedin very poor perfor
manceon applicationswith synchronizatiormequirementsTheseeffectswere
minimizedby reducingthe numberof operatingsystemdaemonsteducingthe
frequeng of somemonitoring actwvities, andconfiguringout 2 nodesper 32-
nodecluster[15]. The performancemeasuredafter this (Jan. 27th) shoved
muchimproved performanceyery closeto the modelon the highestprocessor
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counts.In addition,thefirst teston thefull ASCI Q system(May 1st)resulted
in performanceconsistentwith thatin Jan. '03. This datahasnot beenin-
cludedin Figure 6 asonly afew measurementaeretaken at this point. The
minimizationof theimpactof the operatingsystemis ongoing.
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Figure4. Measuredperformanceof SAGE (33-MHz PCl bus, 1-GHz processorsgompared
with modelpredictionsusinga singlerail.

Thedifferencesetweenthe modelpredictionsandthefinal setof measure-
mentsobtainedfor eachof thethreeinstallationphasesareshowvn in Figure7.
Notethatin the differenceis smallin all but the caseof the largestprocessor
counts. We expectthe performanceon largestconfigurationgo improve after
further operatingsystemoptimizations. The averagedifferenceacrossall the
datashown in Figure7, betweenthe measurementand modelpredictions,is
3.7%.

Figures4, 5 and 6 shav that only after all the upgradesand systemde-
bugging hadtaken placethat the measurementslosely matchedthe expected
performance.Whenthe measurediatamatchedthe modeleddatatherewas
someconfidencen the machineperformingwell. Without the model,it would
have beendifficult to know conclusvely whento stopdelugging,or moreim-
portantly when not to. When differencesdid occur betweenthe model and
measurementsnicrokernelbenchmarksvererun on the computationahodes
and the communicationnetwork to help identify the sourceof the problem.
This wasespeciallyimportantin the minimizationof operatingsystemeffects
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Figure7. Differencebetweemmeasurementandpredictionsfor SAGE.

thatresultedn asignificantperformancemprovementon very large processor
counts[15].

6. Summary

Ourteam’sresearcloverthelastfew yearshasfocusedon the development
of analyticalperformancanodelsfor the ASCIl workload. It hasbeensaidthat
modelingand predictingthe performanceof large-scaleapplicationson HPC
systemsjs one of the great,unsoled challengedor computerscience[13].
Clearly, ASCI hasa critical needfor informationon how bestto mapa given
applicationto agivenarchitectureandperformancenodelingis theonly means
by which suchinformation canbe obtainedquantitatvely. Our approachhas
beensuccessfullydemonstratedor the 100,000-line+adaptve meshcodere-
portedhere,for structured4], andunstructuredneshtransportcodeg9], and
for a Monte-Carloparticletransportcode[10].

Thework reportedin this paperrepresents small but importantstepin ap-
plying our performancemodelsin a very practicalway. We expectthatASCI
platformsandsoftwarewill be performanceengineeredandthat modelswill
provide the meandor this. The modelscanplay a role throughouta system’s
lifecycle: startingatdesignwhenno hardwareis availablefor measurementn
procurementor thecomparisorof systemsthroughto implementatior instal-
lation, andto examinetheeffectsof updatinga systemovertime. At eachpoint
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the performancemodelprovidesanexpectationof the achiezable performance
with a high level of fidelity. The SAGE performancenodelhasbeenusedfor
procuremenpurposesut compaly-sensitve informationprecludeslisclosure
of thisin theliterature. We canreport,ashere how themodelbecomeshetool
for assessingnachineperformancelmplementatiommilestonetestsrelatedto
ASCIQ contractuabbligationswerebasedartiallyoncomparisorof obsened
datawith predictionsfrom the SAGE model,in amannersimilarto theprocess
describedn this paper

Wheninstallinganew systemyefinementso boththe softwaresystemand
hardware componentsare often necessarypeforethe machineoperatesat the
expectedlevel of performance.The performancemnodelfor SAGE hasbeen
shawn to be of greatusein this process.The modelhaseffectively provided
the performanceandscalabilitybaselinefor the systemperformanceon areal-
istic workload. Initial systemtestingshaved thatits performancevasalmost
50%lessthanexpected.After several systenrefinementandupgradesver a
numberof months the achiezed performancenatchedcloselythe expectation
provided by the model. Thus, performancemodelscan be usedto validate
systemperformance.
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